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SUMMARY OF PROGRESS 

W; have been s t ~ d y i n g  the vibrational spectra from 4000 to 33 crn" of  

several molecules which may be present in the atmosphere of the Jovian planets, 

These studies have been made to  provide vibrational frequencies which can be 

used to: (1 ) determine the composS tions of the cloud covers of several o f  

the planets; (2)  provide s t ructural  information under favorable circumstances; 

(3) provide necessary data from which accurate thermodynamic data cain be 

calculated; (4)  and furnish informaticn as t o  the nature of the potential 

energy function of the molecules and forces acting within them. 
1 Gerard P. Kuiper has pointed out tha t  the Jovian atmospheres are 

expected t o  contain H z ,  He, N 2 ,  H20, NH3, CH4, Ar and possibly SiH4. He had 

a lso l i s t ed  a number of other gases tha t  should be considered because they 

are  composed of f a i r l y  abundant atomic species and have boi 1 ing points be1 ow 

120°C [see Table 8, pg. 349-350 of reference (I)]. He has also pointed o u t  

t ha t  unt i l  more i s  known about the atmospheres of the planets i t  i s  useful 

t o  keep a f a i r l y  large number of possible cclnstituents in mind in planning 

fur ther  spectroscopic work. 

Some of the molecules which we have studied can be produced photochemically 

from methane, ammonia, and hydrogen sulfide which are  thought to  be constituents 

of the 'planets with reducing atmospheres. Some of the compounds will; polymerize 

under u l t rav io le t  radiation and drop out of the atmospheres. However, p lanets  

w i t h  a hot base, l ike  tha t  of Jupi ter ,  may rebuild molecules destroyed pho lo -  

chemically. Therefore, we have used these c r i t e r i a  in selecting the compounds 

which we have studied. In our ini t i  a1 work on the vibrati  onal spectra of mle- 

cules of astrophysical i n t e re s t  we studied hydrazine2 and methylamine. 3 

However, there are several other small molecules which contain hydrogen, carbon 

and nitrogen which also should be possible constituents of the reducing 



4 atmospheres and we previously se lected methyl hydrazine , unsymmetrical dimethyl 

6 hydrazine5, symmetrical dimethyl drazine , propylene imine7, and 1-pyrazoiine 8 

f o r  our s tudies .  In addit ion a vibrat icnal  study of HNCS and DNCS has been 

9 completed and the  r e su l t s  reported i n  the previous progress rei:ort. 

Closely re la ted t o  our s tudies  of these nitrogen containing compounds 

has been our work on the carbonyl containing molecules. We have previously 

reported work on carbon t r iox ide lO,  trifluoromethyl peroxide11, ethylene 

' 14 carbonate12, y-butyrolactone12, cyclopentanonel2, oxalyl chloride1 3, glyoxal 

oxalyl bromide15, and oxalyl fluoride16. In a continuing study of oxalyl 

compounds, we have completed investigations of 2,3-butanedione (biacetyl  , 
thiooxamide and oxami de and copies of the two papers wh'ich were submitted 

t o  the  Journals of Physical Chemistry and Plolecular Crystals and Liquid 

Crystals  can be found i n  Appendices I and 11, respectively. 

We have recently recorded the vibrational  spectra  of several molecules 

of chemical formula,   COX]^, where X = F ,  C1, Br and H and determined their  

molecular symmetries i n  the so l i d  and f l  uide s t a t e s .  13-16 For the halogen 

containing mo lec~~ le s ,  the spectra  fo r  the f l u i d  s t a t e s  showed the presence 

of two geometric isomers and the  data have been shown t o  be consis tent  for  

t h a t  expected fo r  the - c i s  and trans isomers. In these studies i t  has been 

shown t h a t  s t r uc tu r a l  conclusions can only be correct ly  made i f  the infrared 

and Raman spectra  a re  obtained f o r  these compounds in a t  l e a s t  - two d i f fe ren t  

physical s t a t e s  with one of them being the sol id .  Closely re la ted t o  these 

s tud ies  i s  our invest igat ion of the infrared and Raman spectra of 2,3-butanedione , 

which i s  commonly ca l led  biacetyl .  

There have been several previous vibrational  s t u d i  esl  '-*O of bi acetyl 

w i t h  the  more recent one by K. Noack and R. N.   ones" being the most complete 

However, there  a re  scme inconsistencies i n  the work of Noack and Jones which 

cannot be read i ly  explained. For example, they have assigned the  Raman l ines  



a t  240 and 538 cm-' t o  out-of -p lane bending modes o f  b  symmetry whereas there 
g  

should be on ly  - one mode o f  such symmetry unless one gives the methyl torsional 

mode such a  d e s c r i p t i o n .  However 240 cm-' i s  t oo  h igh  a  frequency f o r  t h e  

methyl t o r s i o n a l  mode f o r  t h i s  type o f  molecule. Noack and   ones" as w e l l  

as H a r r i s  and ~ i t k o w s k i ~ '  have assigned the  s t rong  Raman l i n e  a t  685 cm-I 

as the  s k e l e t a l  bending mode o f  a  symmetry b u t  such an assignment leaves no 
9  

reasonable exp lanat ion  f o r  the  Raman l i n e  a t  614 cm-I which had p rev ious l y  

been assigned t o  t h i s  mode by Sidman and ~ c c 1 u r e . l ~  I n  essence the assignment 

o f  t h e  685 cm-I Rarnan l i n e  t o  the  s k e l e t a l  bending modes r e s u l t s  i n  t oo  many 

Raman l i n e s  i n  the  s k e l e t a l  bending reg ion  t o  be assigned t o  the  fundamentals 

o f  the b i a c e t y l  molecule f o r  on l y  t he  t rans  form. Also the C-CH3 symmetrical 

s t r e t c h i n g  mode was n o t  assigned by Noack and Jones; y e t  i t  should be one o f  

the most in tense Raman l i n e s .  Sidman and McClure assigned the  1004 c 6 - l  

Raman l i n e  t o  the C-CH3 s t r e t c h i n g  mode, but Noack and Jones have suggested t h a t  

t h i s  band i s  t he  c e n t r a l  C-C s t r e t c h i n g  v ib ra t i on .  Thus, there  are  s t i l l  

severa l  u n c e r t a i n t i e s  i n  t he  v i b r a t i o n a l  assignment f o r  b i a c e t y l  and i t  was 

hoped t h a t  an i n v e s t i g a t i o n  o f  t he  i n f ra red  and Raman spect ra  o f  s o l i d  b i a c e t y l  

would c l e a r  up these discrepancies. No v i b r a t i o n a l  s tud ies  have p rev ious l y  

been repo r ted  f o r  t he  s o l i d .  

I t  was hoped t h a t  a  v i b r a t i o n a l  s tudy o f  the  s o l  i d  would prov ide the 

necessary da ta  t o  determine the  symmetry i n  the  s o l i d  as w e l l  as the  c r y s t a l  

s i t e  occupied by the  molecules. I n  add i t ion ,  f ac to r  group s p l i t t i n g  could be 

i n v e s t i g a t e d  and i t  was hoped t h a t  the frequencies f o r  the methyl t o r s i o n a l  

modes might  be determined. The frequency f o r  the  s k e l e t a l  C-C t o r s i o n a l  mode 

was a l s o  o f  p a r t i c u l a r  i n t e r e s t  s ince  i t  had been p rev ious l y  repor ted t o  be a t  

35 c d l  f rom a  study of t he  e l e c t r o n i c  spectrum of t he  so l i dZ1  al though Fateley 

e t  a l e z 0  have repo r ted  a frequency of 48 c 6 '  fo r  t h i s  normal mode i n  the vapor 

s ta te .  Noack and Jones had suggested a  trans, Cph, s t r u c t u r e  f o r  the molecule 



in the l iquid a1 though they pointed out that  such a structure was contrary t o  

the dipole moment reported by Bloom and suttonZ3 fo r  th is  molecule in bo th  

the gas and liquid s ta tes .  Therefore, a reinvestigation of b o t h  the l iquid 

and gas was carried out to  obtain data for  comparison with the sol id  phase 

studies.  

The infrared spectra of b i  acetyl [CH3C0I2 and bi acetyl-d5 [CD3C0I2 were 

recorded over the range 33 to  400 cm-' for  the samples i n  the gaseous, l i q u i d  

and polycrys ta l  l ine s ta tes .  The Raman spectra of the l i q u i d  and polycrysialline 

sol ids were also observed, and quantitative depolarization rat ios  were measured, 

The vibrational spectra of the crystal l ine materials were interpreted on the 

basis of Cqh molecular symmetry and the values observed fo r  the fundamentals 

were compared with those previously reported for  the f lu id  s ta tes .  A comparison 

of the infrared and Raman bands in the crystal  shows tha t  the mutual exc lus ion  

principle was operative. I t  was concluded from this  a l ternate  forbiddance 

t h a t  the molecule has a centrosymmetric structure in hhe crystal  and . that  each 
- 

molecule occupies a Ci (1) s i t e .  The fac tor  group of the crystal i s  be l i eved  

t o  be e i the r  CZh (2/m) of Czh(mmm) w i t h  two or four molecules per prirni t i  ve 

unit  ce l l .  No evidence could be found for  the existence of the c i s  isomer i n  - 

the f lu id  s ta tes .  Possible reasons for i t s  absence a re  discussed i n  detail  i n  

the paper which i s  presented in Appendix I. The infrared active methyl t o r s i o n  

was observed a t  217 and 157 cm-' for the " l ight"  and "heavy" molecules i n  the 

so l id  s t a t e ,  respectively, and the barriers t o  internal rotation were cal-  

culated to be 3.1 kcal/mole. Barriers of 2.7 and 2.8 kcal/mole were calculated 

from rather  broad bands in the spectra of gaseous [CH3COIz and [CD3CCl]2, 

respectively. The barr ier  values were compared t o  those obtained for  other 

acetyl compounds (see Appendi x I ) .  Calculati on of thermodynamic properties 

is  underway and will  be reported in the next progress report. 



Crystal 1 opgraphi c studies2492 have established the structures of oxamide 

and dithiooxamide as being trans C2h i n  space groups of ~1. Oxamide has one 

molecule per uni t  c e l l ,  whereas the sulfur  analog contains two. Infrared and 

Raman studies have been reported 26-28 fo r  oxamide as has infrared data for 

di thiooxamideZ6, b u t  none of the studies have examined the region below 200 cm-I 

and most studies extended only to  400 cm-l. This has l e f t  s i x  fundamentals 

unassigned in oxamide, four of which are Raman active and two which are 

infrared active. The modes remaining to  be found in the infrared spectrum are 

the OCN torsion of a, symmetry and the OCN rock of b u  symmetry. Raman 

assignments are  lacking fo r  two a modes, the OCN bend and rock, and two b 
9 9 

vibrations, the NH2 torsion and OCN out-of-plane bend. There i s  no Raman 

information avai lable fo r  di thiooxamide a t  a l l  and the SCN out-of-plane bend 

( au ) ,  SCN torsion ( au )  , SCN bend (bu) ,  and SCN rock (bu) have not been 

observed in the infrared spectrum. The interest ing l a t t i c e  region has a l s o  

been neglected. Therefore, work was undertaken to  reexamine the spectra of 

these compounds in an attempt to  complete the assignments and provide new 

information concerning the l a t t i c e  vibrations of the two molecules. 

Re-examination of the infrared and Raman spectra of oxamide led t o  t h e  

assignment of a l l  the fundamental vibrations of th is  molecule, with the  

exception of the Raman-active OCN rock. Similarly, the infrared ass ign~ents  

were completed for  di thiooxamide, and nine out of twel ve fundamentals assi gned 

from the previously unobserved Raman spectrum. The weakness of the Waman l ines 

of dithiooxamide prevented us from observing the 2 N-H s tretching modes and 

t h e  NH2 sc issors  because the phototube i s  less sensit ive i n  the high-frequency 

range. 

The l a t t i c e  regions of the spectra have been examined and the e x t e r n a l  

modes were observed as predi cted from group theoretical considerations, 

Oxami de exhibits three Raman-acti ve 1 i brations, whi ch occur a t  106, 134, and 



157 cm-l. For di thiooxami de, three infrared-acti ve translations and s ix  Raman 

l ibrat ions are  expected. The infrared bands were observed a t  79, 92, and 

99 cm-'. The Raman lines occur as three doublets; three strong lines were 

seen a t  74, 98, and 112 c m  and the f i r s t  two had weaker shoulders on the 
9 

low-frequency side. The s ixth l ibrat ion was not seen, b u t  i s  probably 

contained in the assumed unsplit  l ine a t  112 cm". 

Factor group s p l i t t i n g  of the internal fundamentals i s  a possibi l i ty  i n  

dithiooxamide, b u t  the only indication of i t  was seen i n  the sp l i t t i ng  of 

the SCN out-of-plane bend. The forces i n  the crystals of oxamide and 

di thiooxami de appear to  be similar,  as evidence by the s h i f t  of 1 i brations 

from one molecule t o  the other of approximately 1.4 and the s imilar i ty  of 

the calculated force constants. 



FUTURE WORK (NGR-41-002-033) 

We are continuing our investigation of the vibrational spectra of small 

molecules which may be possible constituents of the Jovian atmospheres. The 

data wi 11 be used to  calculate thermodynamic properties, f o ~ c e  constants 

and other useful molecular properties when possible. A t  present worlc i s  

s t i  11 continuing on methyl hydrazine. Also the vibrational study of azomethane 

i s  nearing completion. The resul ts  of these studies will be in the n e x t  

progress report. We have a lso  begun an investigation of oxalyl chloro- 

fluoride which i s  a continuation in our study of molecules containing 

carbonyls. The resu l t s  of t h i s  work should appear in a future report. 

We have also in i t i a t ed  studies on dimethyl phosphine which f i t s  the c r i t e r i a  

as a possible consti tuent of the Jovian atmospheres. 

We believe we are combining good science w i t h  studies tha t  will prove 

t o  be very valuable when bet ter  infrared data becomes available of the 

atmospheres of the Jovian planets. We are  emphasizing the data on the 

infrared spectra of the sol ids  and showing how th i s  information can be as 
P 

defini t ive in the ident i f icat ion of chemical substances as the frequently 

used gas phase data. 
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Appendix I 

VIBRATIONAL SPECTRA AND STRUCTURE OF CIACETYL 

Abstract --- The infrared spectra of bi acetyl [CH3C0I2 and biace tyl -d6 

[ C D ~ C O ] ~  have been recorded over the range 33 t o  400 c d l  for  the samples i n  

the gaseous, l iquid and polycrystalline s ta tes .  The Raman spectra of the 

1 iqui d and polycrystall ine sol ids  have a lso  been observed, and quanti ta t ive 

depolarization ra t ios  have been measured. The vibrational spectra of the 

crystal  l ine materials have been interpreted on the basis of CZh  molecular 

symmetry and the values observed f o r  the fundamentals are  compared with those 

previously reported fo r  the f lu id  s ta tes .  A comparison of the infrared and 

Raman bands in the crystal  shows tha t  the mutual exclusion principle i s  

operative. I t  i s  concluded from th i s  a l ternate  forbiddance tha t  the 

molecule has a centrosymmetric s t ructure in the crystal  and tha t  each molecule 
- 

occupies a Ci  (1) s i t e .  The factor  group of the crystal  i s  believed to  be 

e i the r  C2,,(2/m) or Cph(mmm) w i t h  two or  four molecules per primitive unit 

c e l l .  No evidence could be found fo r  the existence of the c i s  isomer in the  - 
f l u i d  s ta tes .  Possible reasons for i t s  absence are discussed. The infrared 

active methyl torsion was observed a t  217 and 157 cm-' fo r  the " l ight i i  and 

"heavy'holecules in  the sol id s t a t e ,  respectively, and the barriers to  in ternal  

rotation were calculated to  be 3.1 kcal/mole. Barriers of 2.7 and 2.8 keal/mole 

were calculated from rather  broad bands in the spectra of gaseous [CH3C0I2 and 

[CD3COI2, respectively. The barr ier  values a re  compared to  those obtained for 

other acetyl compounds. 



Introduction 

We have recently recorded the vibrational spectra of several molec~iles 

of cheniical forrliula, [ C O X ] 2 ,  where X = F, C 1 ,  Br and H and determined Chei r 

molecular symmetrjes in the so l id  and f l u id  s t a t e s .  For the halogen 

containing molecules, the spectra f o r  the f l u id  s t a t e s  showed the presmce 

of two georiietric isoll~ers and the data have been shown to  be consistenlt Fa:- 

t h a t  expected fo r  the - -  c i s  ctnd .- t rans . -  isorners. In these s tudies  i t  h a s  

been shown tha t  ~ t r u c t u r ~ i l  conclusions can only be correct ly  made i f  the 

inf rared and Ranian spectra are  obtained fo r  these compounds in  a t l e a s t  

two d i f fe ren t  physical s t a t e s  with one of them being the so l id .  Closely 

re la ted  t o  these s tudies  i s  our invest igat ion of  the infrared and Ranrian 

spectra o-F 2,3-butanedi one which i s  commonly cdlled bi acetyl , 

There have been several previ ous vibrat ional  s t ~ d i e s ~ - ~  of bi acetyl 

with the more recent one by K. Noack and R .  N .    ones^ being the most 

coinplete. However, there are some i~iconsistencies in the work of  NoacCc 

and Jones which cannot be readily explained. For example, they have 

assigned the Rarean l ines  . i t  240 and 538 C I ~ I - '  t o  out-of-plane bending modes 

of b synimetgy whereas there should be only one mode of such symmetry unless 
9  - 

one gives the methyl torsional  mode such a  descript ion.  However 240 cn - I 

i s  too high a  frequency fo r  the n~ethyl torsional  mode fo r  t h i s  type c i f  molec~!jile, 

Noack and  ones^ as well as Harris and Iditkowski8 have assigned the strong 

Rarnan l ine  a t  685 ~111- '  as the skele ta l  bending mode of a  symmetry b u t  such 
g 

an assignment leaves no reasonable explanation f o r  the Raman l i ne  a t  ~l4'cf' 

which had previously been assigned t o  t h i s  modt' by Sidman and McClure, 6 

I n  essence the assignnient of the 685 cm-' Raman l i ne  t o  the skele ta l  thending 

illode resu l t s  in too inany Rairrdn l ines  in the skele ta l  bending region to be 

assigned t o  the fundcliiientals o f  the blacetyl niolecule f o r  only the -- trans  

form. Also the C - C H 3  sy~ii~rietricdl s t re tching mode was not assigned by Noack 

and Jon(>(,; f t i t Jioin i r i  LIP oi;e of  the 1110s t intense Raman 1 i  nes, Sidman 



- 1 and P4cC.l ure ?(, , iqrreri the 1004 cm Ratniln l ine t n  the C - CH3 s t r e t c h i l g  nia.jp 

b u t  Noack ~ l t i d  J O ~ C S  hdve suggested " c a t  t h i s  band i s  the cent ra l  C - C s t r ~ t c h -  

ing v ibra t ion .  Thus ttierc a r e  s t i l l  several uncer ta in t ies  in the vi braQ!oi?3l 

assignnient f o r  biacetj/l  and i t  was hoped t h a t  an inves t iga t ion  of the  in f ra red  

and Ranlan spcc.tra of  so l id  biacetyl would c l e a r  u p  these discrepancies.  Mc 

vi bratiorlr, l ij i I ( ]  i - ~ l \ , t l  pveviously beer) reported fo r  the sol i d .  

I t  wdL, h ~ i ~ ~ i i i  tli::t CI vihra tional study of the s o l i d  would provicle the  

necessary data t o  detertlline the sy~nmetry in the s o l i d  as well as  t h e  C B ~ I S - ~ Z ~  

s i t e  occupied by the  tuolecules. I n  ,addit ion,  f a c t o r  group spl i t t - i n g  could  

be inves t iga ted  and i t  was Iioped t h a t  the frequencies f o r  the  methyl torsior."sal 

tnodes niight be determined. The frequency f o r  the ske le ta l  C-C torsioa.;al 

mode was a l so  of p a r t i c u l a r  i n t e r e s t  s ince  i t  had been previously w:poa-ked 

t o  be a t  35 CIII-' fro11 a  study of the e l e c t r o n i c  spectrum o f  the s o l i d  
9 

a1 though Fateley e t  a l l o  have reported a  frequency of 48 cm-I f o r  this norrna1 

mode i n  the vapor s t a t e .  lloack and Jones had suggested a  t r a n s ,  C p h 5  s tn i i t u~ '~?  

f o r  the molecule i n  the l iqu id  although they pointed out t h a t  such a structure 

was contrary t o  the  dipole li~olilent reported by Bloom and ~ u t t o n "  f o r  this  

molecule i n  both the gas and l iqu id  s t a t e s .  Therefore-,a reinvestig;iition a-f 

both the l iqu id  and gas was car r ied  out  t o  obtain data f o r  comparison with the 

sol id phase s t u d i e s .  



EXPERIMENTAL SECTION " 

The 2,3-I~ut,ariedionu sanlple wcis ol~tai l ied fro111 the Aldrich Chemical Co. 

I t  was decrassed and s tored-  over drying agent .  The 2,3-butanedione-d, s a l n 7  e  
0 

;:as rliade uy dcu teriulil exchange. I i f t cen  rill of the b iace ty l  was re  Fluxed f o r  

48 hours , i ~ r ! r  35 ill of i1,0 iliade cipprox111:ately 0.5N wi t i 1  D2SOq. The biace tyl 
L 

was distilled out  of t he  so lu t ion  atlu d r i e d .  After  four  such excnanges tne 

N M K  spec t r a  sb~oi.ied no i rldi ca t ion  of hydrogen ato~ils.  
7 

Vapor j i t i c l ~ c l  lji~tl sol i d  ptidie inli-iired spec t rd  between 4000 and 200 a<' 

were recorded 011 d i)erl\l n -  E l  nler 1.1odel 621 spectrophotometer and betweaen 500 and 

33 cril-' or1 a Gechlvan IR-11 ipectropt iotoi i~eter .  Both instruments were purg2d v~itih 

dry ai  r  and cal i brdted W I  ti1 s tandard gases .  1 2 3 1 3  For s t u d i e s  of the  v a p o r  phases, 

20-till c e l l s  1 . ~ 1 - c h  cesiuiil iod ide  windows were used in the mid i n f r a r e d ,  \vE-8areas 

a  Becknian 10-V v d r ~ a b l e  path ce l l  ; : i t / )  polyethylene windows was used % O Y  

record]  tlg the f a r  i n f r a red  s p e c t r a .  The spec t r a  of the  sol ids were 

by condensiiig tile vapor onto a cesiuni iod ide  o r  s i l i c o n  window cooled k i " i t ~ ;  

n i t rogen .  The l n f r a r e d  spectrum of t he  l iqu id  was obtained as  a  caul ' l l a~-y  P i l v  

between cesiu~li  iodide p l d t e s .  The i i i f rared spec t r a  of b iace ty l  and bi;ac%?tyl-d- 
0 

in the  s o l i d  and y a s e o u ~  phases a r e  presented in Fig. 1 .  

1-he Raiiia~~ spcctr,i piere recot-ded nil a  Cary Model 81 spectropho"cme t e r  eqi:i pped 

~ i i  t i 1  a  Spectrd Pkijsi cs l~lodel 125 he1 ium-neon 1 a s e r .  The instrument  was cal  ib raced  

with eniissiljll lines fk-oi~i a  neoli lainp over tile spec t r a l  range 0-4000 cni-I. The 

Raman specTrd of' the sol ids  were obtained by use of a  low temperature ,ce'E l 

siiiiil a r  t o  tildt descr ibed by Carl son. 
14 

The Ranian spec t r a  of the liqufds wera 

obtained by illeatis o f  sillall sdniples sealed in g l a s s  c a p i l l a r i e s ,  The Raqan 

spec t r a  o r  brcicetyl aiiti S ~ a c e t ~ ~ l - d  in tile sol id and 1 iquid phases a r e  presented 6 

i n  Fig. 2 .  Tiie f requencies  f o r  the bands observed in  the in f r a red  and  Raman 

spec t r a  of b i ac r ty l  a rc  1 i i t e d  ir l  Table I and those of b iace ty l -d6  i n  T a b l e  11. 

- 1 The observed frequencies a r c  bel ieved t o  be accura te  t o  2 1 cm Fort a l l  sharp  

bands. 



Rcsul t s  dritl Discuss ion 

No X-rdy data a r e  avai lable  f o r  so l id  b iace ty l .  However, i t  i s  expected 

t h a t  the nlolecule wil l  iiave the t rans  configuration in the s o l i d .  Studies of 

s i ~ n i l a r  11io1ecules'-" have shown t h a t  a  center  of symmetry i s  maintained a t  the 

s i  te in the un i t  c e l l  ; ti.ius, the rille of ~rlutual exclusion i s  expected t o  t~a"bd 

in the  so l id  anti one shoirld be able t o  e a s i l y  determine the  c o n f j g ~ r ~ ~ t i o ~  from  he 

spect ra l  da ta .  Several of thc inf rared  bands appear t o  be s p l i t  t ~ y  e i t ? f r  tilt: s t a t i c  

or- the co r re la t ion  f i c l d .  tiowever, the magnitude cf t h i s  s p l i t t i n g  i s  ;n g e n s r d l  

small compared t o  the separat ion of the fundamental v ibra t ions  so there  i s  

l i t t l e  d i f f i c u l t y  in detcr~riining the  frequency l i m i t s  of each band. 'The bands  

in the so l id  phase dre qu i t e  sharp and i t  i s  possible t o  separa te  fundamentals 

t h a t  a re  badly overlapped in the gas and l iquid  phases. Thus, i t  i s  passi51e 

t o  make assigninents f o r  most of the fundamental vibrat ions of biacetjj'f a r c !  

biacetyl-d6 in the s o l i d  phase. 

The r e s u l t s  of the s tudies  of the so l id  s t a t e  spect ra  coupled w i t h  improved 

data f o r  the other  phases make a  more deta i led  analys is  possible a n d  require 

the  reassignment of sollie of the bands. Since some of the  bands a re  b e t t e r  delisscated 

in the  so l id  only tne so l id  s t a t e  spectra wi l l  be discussed in d e t a i l  w i t h  refek-ences 

t o  t l ~ e  sjiectrd 01 the othct- phases being rilade only as they r e l a t e  to the  ass ig r r -  

rnent of the nor-~nal ~iiodes. 

The highest frequency vibra t ions  of biacetyl  a r i s e  from the  C - H  s t r e t c h l g  

motions of the two methyl groups. The two symmetric and four antisymmcrric C-H 

s t r e t ch ing  modes a re  divided anlong the symmetry species of the  C p o i n t  g r o u p  2h 

with the two syrn~lietric s t r e t ch ing   rioti ions being of a and b u  symmehry a n d  t h e  
9 

antisy~nmetric s t r e t ch ing  inodes having a  . b , au and b u  symmetry. The Ramar 
9 g 

-1  . ac t ivc  C - i i  strc.tc t.iiiicl ~iioclrs a r r  found a t  3018, 2983 and 2922 cm .ir so l  $ d  



b iace ty l .  In the  l iquid  the  band corresponding t o  the 2922 cm-I band  i s  s t r o ~ n g l y  

polarized whereas the bands corresponding t o  the 2983 and 3018 ern--' bands 

appear depol ar ized and polarized respect ive ly .  The 2922 cm-I band i s  a i r  : j~ned  

t o  the  symmetric s t r e t ch ing  motion whereas the  2983 and 3018 cm-I bands a r e  

assigned t o  the  antisymmetric s t r e t ch ing  niotions of b and a symmetry, respes- 
9  9 

t i v e i y .  I n  the  spectra of biacetyl-d6 these bands a r e  sh i f t ed  t o  2742, 2228 

and 2267 cm-' , respect ive ly .  The inf rared  ac t ive  modes occur a t  30'2, 29;s and 

-1 . 2925 cni I n  sol id biacetyl  and are ,  assigned t o  the antisymmetric C-H seretchitq 

motions of b u  and au  symmetry and t o  the  symmetric s t r e t ch ing  motion of b syn- 
e; 

metry, respect ive ly .  I n  the  spectruin of biacetyl-d6 these modes are  s h i f t e d ,  

r e spec t ive ly ,  t o  2267, 2216 and 2120 cm-' . 

I t  i s  d i f f i c u l t  t o  give r e a l i s t i c  d i sc r ip t ions  t o  the  motions ca 

bands in the  1500 t o  650 cm-' region where the bands a r i s i n g  from 1 Ce 

of the  methyl group and those a r i s i n g  from the  high frequency skele ta '  

a r e  expected t o  occur. ~ i y a z a w a ~ ~  has suggested t h a t  the C-CH3 s t r e t  

of biacetyl  niigtit be expected t o  mix with the  appropriate CH3 rocking 

As wi l l  be shown l a t e r  these bands a l l  s h i f t  upon deuterat ion in such a 

t h a t  i t  i s  not possible t o  consider them as i so la ted  normal modes of' t h e  rn*ath:"! 

group o r  the  heavy skele ton;  thus the descr ip t ions  given f o r  these rnades can ori-;~ 

be considered as very poor approximations of the t rue  normal modes. 

Eight bands appear in the  Raman spectra of so l id  biacetyl  in t h e  regisn 

1500 t o  650 cm-' . The pai r  of bands a t  1435 and 1421 cm-' i s  assigned t o  ihe 
antisymmetric methyl deformations. These bands appear as  one broad band i n  t i l e  

l i qu id  so i t  was not possible to  obtain depolarizat ion data f o r  them, HOII>E\EY~ 

in the  sol id the  1421 cni-I band i s  a  medium sharp band whereas the  1435 c~i. -1 

band appears as  a  weak broad band. Since niodes of a  symmetry a r e  gcneral%y shanqp 
9  



t h e  1421 cm-' band i s  ass igncd  t o  t h e  ant isymmetr ic  deformat ion o f  species a 
!3 

ar,d t he  1435 cm- ' 1  i ne  i s  taken t o  be the  b deformati  on. 
cl 

The synulirtrii n ~ ~ t l l y l  d ~ f o r n l a t i o n  i s  ass igned  t o  t h e  band a t  1367 cnl-I whic l i  i s  

po l a r i z ed  i n  t h e  l i q u i d .  The Raman a c t i v e  methyl rocking modes a r e  a s s i g w d  

t o  the bands a t  1288 and 1280 cm-l. There i s  no i n d i c a t i o n  i n  t h e  sol i d  or 

l i q u i d  a s  t o  t h e  symnietry of t h e s e  bands. The c e n t r a l  carbon-carbop sstretch%ng 
4 -7 

mode occurs  a t  1001 cnl-' . Thi i mode occurs  a t  1078 cm-' i n  g loxal  , 1093 cm 

i n  oxaly1 c h l o r i d e i  and 1052 cm-I i n  oxalyl  bromide. 2 

The synrnetric C-CH s t r e t c h i n g  mode i s  expected t o  g ive  r i s e  t o  an in tense  3  
- 

band a t  a  somewhat lower frequency than t h e  c e n t r a l  C - C  s t r e t c h i n g  rode ,  Shis 

mode corresponds t o  the  C - X  s t r e t c h  of  t h e  oxa ly l  h a l i d e s  which occurs  a t  620 cm~~' '  
1 -1 . 2 i n  oxalyl  c h l o r i d e  and 582 cm i n  oxalyl  bromide. This mode i s  ass igned  t c  - 

t h e  i n t e n s e ,  h igh ly  po l a r i z ed  band a t  693 cm-l. As s t a t e d  e a r l i e r ,  the  assigrt- 

ment of t h i s  band t o  a  bending mode would p l ace  too  many bands i n  t l h ?  

region of t h e  Ranian spectrum. None of t h e s e  bands d i sappeared  w i t h  s 

so  they  cannot  be a t t r i b u t e d  t o  ano ther  isomer.  Also t h e  i n t e n s i t y  s f  the 

693 c 1  band sugges t s  t h a t  i t  silould be ass igned  t o  t he  carbon-carbon s t r e t c h i n s  

motion r a t h e r  than t o  a  s k e l e t a l  bending mode. 

The Rainan spectrum of  s o l i d  b i ace ty l -d  has t h e  corresponding bands  a t  
6 

-1 . 1301 , 1062 ; 1035, 101 5 ,  1009, 847 and 61 9  cm w i t h  t h e  1301 , 1062, 847 and 619 

- 1  cm 1it-e~ being po l a r i z ed  i n  t h e  1 i q u i d .  The 847 and 619 cm-I bands a r e  readi iy  

ass igned  t o  tile c c n t r a l  C - C  and C - C D  s t r e t c h i n g  motions .  This  y i e l d s  s h - i f t  
3  

f a c t o r s  v H / v D  of 1 15 and 1 . 1 2 ,  which should be conlpared with t h e  e x ~ e i t e i  values 

of  1 .05  and 1 .10  f o r  t h e  C - C  and C - C H 3  s t r e t c h i n g  modes, r e s p e c t i v e l y .  These 

l a r g e r  s h i f t s  a r e  due t o  t he  coupl ing of t h e s e  motions w i t h  some of  the methyl 

motions of  a  symnetry g iv ing  them s h i f t  f a c t o r s  g r e a t e r  than expec ted ,  Since 
9  

t h e  1301 and 1062 cnl-' bands a r e  po l a r i z ed  they must a r i s e  from motions of' a 
9 



L 

symmetry and a re  thus assigned to  the two highest frequency bending modes, the 

antisymmetric and symmetric methyl deformations of symmetry a _ .  The anlisyinmetric 
Y 

deformation of b symn~etry i s  assigned to  the 1035 cm-' band. The rocking motions 9 
f o r  ttlc I'd6" coi~ipound drc (rr;gincd to tile bands a t  1018 and 1009 cm-I. 

The infrared act ive  n~odes occurring in the 1500-650 cm" region a re  a l s o  badly 

mixed. The bands a t  1418 and 1400 cm-' in biacetyl  are assigned t o  the ant fsynmst- ic  

deformations and the 1350 cm-' band i s  assigned to  the symmetric deformation. 

In the infrared spectrum of sol id  biacetyl-d6 these bands appear a t  1143 cm-I 

and as daub1 e t s  a t  1041 , 1034 cm-' and 1026, 1021 cm-' . A comparison of  t l e  

i n t ens i t i e s  of the bandsin the spectra of sol id  biacetyl with those o f  s o l i d  

biacetyl-d6 suggests t ha t  1143 cm-I band should be assigned t o  the symmetric 

deformation and the 1041, 1034 cm-I and 1026, 1021 cm-' bands t o  the anris;/xmetrir 

deformations s p l i t  by crys ta l  f i e l d  e f f e c t s .  The spectra of the sample 

gaseous s t a t e  give even stronger evidence fo r  t h i s  assignment. The 

ing gas phase bands of both the 1350 cm-' (Fig.  I a )  and the 1143 cm-I 

bands have A type contours whereas the gas phase bands corresponding t o  the 

antisymmetric deformations in each case have no de f i n i t e  contours. 

Some previous invest igators  have assigned the infrared bands a t  953 an3 

912 cm-' i n  biacetyl  as a Fermi resonance doublet. The 953 cm-I band i s  s p l i t  

in  thc  c rys ta l  and appears as a doublet a t  956 and 950 cm-I. However, the 

spectrum of the gas phase shows t h a t  these two bands have d i f f e r en t  band  

contours, an i ndicat-ion t ha t  they a r i s e  from motions of d i f f e r en t  symmeQririy 

The infrared spectrum of so l id  biacetyl-d6 reveals bands a t  790 and 

769 cm-I indicat ing t ha t  both the 953 cm-I and the 912 cm-' bands s h i f t  u 

deuterat ion.  Thus, both bands must be due t o  fundamental v ibra t ions ,  Since 

only the rocking modes and the antisymmetric C-CH3 s t re tch ing  modes are 

expected in t h i s  frequency region these two bands a re  assigned t o  the rocking 
- 1 

modes. The 953 cm-' (790 cni f o r  I'd6") band i s  assigned t o  the b u  r o c k i n g  



- 1 mode whereas the 912  c u i l  (769 cm f o r  I d 6  ) b'and i s  assigned t o  the a U  

rocking mode. The band contours of the 953 and 790 cm-' bands a re  the same 

as those f o r  o ther  bands assigned t o  modes of b u  symmetry. The C-CI13 a n t i -  

symmetric s t r e t ch ing  mode i s  then assigned t o  the 1131 cm-' band, with t h e  

corresponding vibrat ion in the d6 compound occurring a t  969 cm-'. The 

extremely large s h i f t  of ti l is band with deuterat ion c l e a r l y  shows t h a t  th is  

mode as involves considerable methyl rocking motion and the descr ip t ion  o f  

t h i s  mode as a C - C H  antisymmetric s t r e t ch ing  mode i s  a  very poor approxina;ition 3  

of the a c t u d l  nornih l  mode, 

The s k p l e t a l  bending and rocking motions l i e  below 650 cm-I and i n  the 

Raman spectrum of so l id  biacetyl there  a r e  three  bands 

found a t  614, 526 and 380 cm-l . The band in the  l i q u i d  

corresponding t o  the  614 c  band i s  depol ar ized and i s  a s s igned  t o  the CO 

antisyn~metric  out-of-pl ane bending mode. The 526 cm-I band i s  assigned 

COCH symmetric bending motion and the 380 cm-I band t o  the  COCH3 symrnetr 3  

rocking mode. These bands a r e  sh i f t ed  upon deuterat ion t o  515, 500 and 3 

respect ive ly .  The i ~ f r a r e d  ac t ive  bands occur a t  544, 360 and 261 cm-I 

gas phase bands corresponding t o  the  544 and 261 cm-'-bands have A -type ba 

contours and a re  thus due t o  modes of bu symmetry. They a r e  assigned t o  t i  

COCH an t i  symmetric bending and rocking modes, respect ive ly .  The 360 cm-I 3 

band i s  assigned t o  the COCH3 symmetric out-of-plane bend of au syninetry. 

The corresponding bands in biacetyl-d6 occur a t  488, 237 and 324 cm-I r e s p e c t i v l l y .  

There a r e  three  tors ional  modes t o  be assigned: an inf rared  ac t ive  methyl 

t o r s i o n ,  a  Raman ac t ive  methyl tors ion  and an inf rared  ac t ive  acetyl  torsion, 

The inf rared  ac t ive  methyl tors ion  i s  assigned t o  a  weak band a t  217 crn-I w h i c h  

-1 - i s  s h i f t e d  t o  158 cm I n  the  spectrum of biacetyl-d6 (see  Figures 3 and  4). 

This y i e l d s  a  s h ' f t  f a c t o r  of 1.37. Although t h i s  i s  l e s s  than the theoretical  



was not observed. Although a  very weak broad band was observed in the Raman 

spectrum of l iquid  biacetyl a t  approximately 246 cm-' , such a  frequency seems 

too high f o r  th i s  normal mode. Also i t  was not possible t o  locate any band 

with a  proper s h i f t  f ac to r  f o r  a  torsional  motion in the Raman spectrum o f  

biacetyl-d6. The acetyl torsion h(ts been reported1' t o  have a  frequency of' 

- 1 
48 cm-' i n  the gas phase. We observed t h i s  mode as a  band centered a t  52 crn 

which i s  sh i f t ed  t o  a  s l i gh t l y  higher freqilency in the so l i d  and occurs a t  

66 cm-l. In the infrared sp~dctrum of so l id  biacetyl-d6 t h i s  mode occurs a t  

61 cm-l. The s h i f t  f ac to r  corresponds very closely t o  the theoret ica l  va lue  

and removes any doubt of the assignment. The previous assignment9 of 35 cm-I 

f o r  the torsional  frequency in the so l i d  from a  study of the e lec t ron ic  

spectrum i s  apparently in e r ro r .  

The infrared ac t ive  methyl torsions have been observed in  the vapor  phase 

sarrples of biacetyl and biacetyl-d6 a t  %200 cm-I and 150  cm-' respectively.  

The threefold ba r r i e r  t o  ro ta t fon  has been calculated f o r  each case,  us ing  ?:he 

method based on the Mathieu equation as i l l u s t r a t e d  by Fateley and ivlillep 16 

with e i  genval ues from ~erschbachl  s1 tables .  Reduced moment of i n e r t i a  

constants of 5.426 and 2.785 cm-' y ie ld  ba r r i e r s  of 2.j5 and 2.79 kcal/mole 

f o r  C H 3  and CD3,  respectively.  These are higher than bar r i e r s  found fo r  

o i i e r  acetyl compounds in the vapor phase: acetaldehyde, l 8  1.16 kcal/mole; 

acetyl bromi de,19 1.30 kcal/mole; and acetyl chloride,2o 1.30 kcal/rnole. The 

breadth and weakness of the torsional  band in gaseous biacetyl cas t s  some 

doubt on i t s  exact posit ion.  However, f o r  both sol ids  the methyl torsi6n 

i s  sharp and well defined. Barriers  calculated from the so l id  frequencies 

are  3.07 and 3.05 kcal/mole fo r  biacetyl and biacetyl-d6, again us ing  the  

simple cosine function and neglecting intermolecular forces. The small sh i f t  

in the torison seems t o  j u s t i f y  t h i s  treatment. The bar r i e r s  for sellid 

acetyl bromide2' and chloride2' a re  1.97 and 1.81 kcal/mole. Therefore, there 



i s  c l e a r  evidence t h c i t  the b a r r i e r  t o  methyl roetation in biacetyl  i s  considerably 

higher than the ba r r i e r s  found f o r  o ther  acetyl  compounds studied t o  da t e ,  It 

i s  not  a t  a l l  c l e a r  why the b a r r i e r  values should d i f f e r  by s o  much but the 

r e l a t i v e l y  s h o r t  distance between the hydrogen and the "other" carbonyl may 

explain p a r t  of the e f f e c t .  

A 1  though ass i  gnment of the fundamental v ibra t ions  has been made using 

frequencies f o r  tile s o l i d  phase, there i s  no s i g n i f i c a n t  d i f ference  betiqeen the 

spec t ra  of the three phases, Comparision of curves A and C ( f o r  gaseous and 

so l id  bi acetyl  , respect ive ly)  in Fi g. 1 demonstrates a one-to-one correspondence 

of bands f o r  the two phases. Only a sharpening of l ines  and s p l i t t i n g  due t o  

c rys ta l  f i e l d  e f f e c t s  can be seen fo r  the so l id .  A s imi la r  correspondence 

i s  seen in the Raman spect ra .  The f a c t  t h a t  no band present  in the gas o r  
w 

l i qu id  phase disappears o r  s h i f t s  s i g n i f i c a n t l y  points  t o  the  presence of only 

one isomeric form in a l l  ph,ises, the trans form. This i s  in  contratst t o  oilt* 

1 f indings f o r  (COC1)2   COB^)^^, and ( c o F ) ~ ~ ,  a11 of which e x h i b i t  t o  i s  

forms in the f l u i d  s t a t e s  and one in the so l id .  ~ l ~ o x a l ~ ,  (COH)?, on the 

hand, i s  s i m i l a r  t o  b iacety l .  I t  thus appears t h a t  the halogens provid 

some s t a b i l i z i n g  influence f o r  the - c i s  isomer t h a t  cannot be rea l ized  when 

they a r e  replaced by hydrogen atoms or methyl groups. A non-bonded i n t e r a c l ~  

probably e x i s t s  between the  halogens on adjacent  carbons t h a t  becomes i n s i  g n i  

i c a n t  o r  does not e x i s t  f o r  the H and C H 3  cases. 

I 



A consideration of the infrared and Raman spectra of so l id  biacetyl 

reveals t ha t  none of the Ranian frequencies appear in the infrared spectrum 

and none of the infrared frequencies appear in the Raman spectrum. Also, a l l  

of the combination bands observed in the infrared spectrum could be assigned 

as a r i s ing  from the combination of one ungerade and one gerade fundan?ental, 

In the Rarnan spectrum the few bands not assigned t o  fundamental modes could 

be readi ly  assigned to  overtones or  combinations of Raman fundamentals. On th is  

basis the biacetyl molecule must be in the trans form and occupying s i t e s  of 

a t  l e a s t  C i  symmetry in the c ry s t a l .  With C i  s i t e s ,  packing considerations imply 

t ha t  the most probable space group would be one of the Ceh o r  DZh space g roups .  

A consideration of the fac tor  group s p l i t t i n g  provides a basis  for the 

d i f f e r en t i a t i on  between the C z h  and D Z h  space groups. The C i - C Z h  s i c r - f ac to r  

group combination predicts  a s p l i t t i n g  of each infrared and each Ramralnvibsasw, 

i n to  two components. However, the C i - D 2 h  combination predic ts  the  s p l i t t i n g  

of each infrared vibrat ion in to  three components and each Raman vibrat ion - into 

four components. In the infrared spectrum of so l id  biacetyl-d6 (see  F i g .  I d )  

several of the bands showed pronounced s p l i t t i n g .  In each case the bands are  

s p l i t  in to  two components which would imply a C e h  space group. 

Two l a t t i c e  vibrat ions appear in the infrared spectrum of biacetyl a t  136 

and 104 cm-' and a t  11 5 and 93 cm-I in the spectrum of biacetyl -d6. These bands 
i 

must be due t o  op t ic  t rans la t ional  modes since these modes a re  ac t ive  only i n  

the  infrared f o r  molecules on C i  s i t e s .  Five Raman ac t ive  l ib ra t iona l  mod?s 

appear in the Raman spectrum of b iacetyl .  These bands occur as two pai rs  a t  

7 4 ,  67 cm-l, a t  87 ,  85 cm-' and a weak band a t  97 cm-'. The appearance of the 

optical  t rans la t ional  modes in the infrared and the doubling of the o p t i c a l  l i -  

brational modes in the Rarnan implies t ha t  there are  a t  l e a s t  two molecules per 

u n i t  c e l l .  The s p l i t t i n g  of the l a t t i c e  modes i s  not expected t o  be large  so 



the observed bands may be the r e su l t  of more components than were ac tua l ly  

resolved. Thus the crystal  s t ruc tu re  i s  most l ike ly  C E h  with two or  possibly 

four molecules per uni t  c e l l ;  however, D Z h  can not conclusively be ruled o u t  

as the space group. 

Bloom and Sutton l 1  havc reported t ha t  biacetyl vapor has a  dipole 

moment of approximately one debye a t  roo111 temperature, which i n -  

creases with increasing temperature. They proposed two possible explanations; 

one was t ha t  there were - c i s  and t rans  isomers and the observed dipole moment 

arose from the c i s  isomer. The other suggestion was t ha t  the dipole moment was 

the r e su l t  of bond moments of the t rans  form not canceling during ifhe v ib ra t ion  

from the non-polar equilibrium posi t ion.  They decided t ha t  i t  was not psss ib l  

t o  d i f f e r en t i a t e  between these two explanations by means of dipole measurem 

However, i t  seems unlikely t h a t  such a  large dipole moment could ar ise as 

r e s u l t  of the sum of small instantaneous dipoles.  

The present  investigation has eliminated the poss ib i l i ty  of t k ~ e  pr 

of a  - c i s  isom~:lr in the so l id  phase, and there i s  no indication of a second 

isomer in the l iquid  o r  vapor phases. Bloom and Sutton encountered some 

d i f f i c u l t y  in  pur i f ica t ion of t h e i r  sample and a t  l e a s t  two of t h e i r  runs 

produced e r r a t i c  r e su l t s .  They suggested t h a t  the work should be rechecke 

using a  sample pur i f ied  by a  d i f fe ren t  technique b u t  were not able t o  cone 

the project  because of the war. In l i q h t  



Concl usi ons 

Vibrational assignments have s a t i s f a c t o r i l y  been mdde f o r  s o l i d  b iacety l  

according t o  C Z h  symmetry: Spectra of t h ~ i  l i qu id  and vapor phases show no 

indicat ' lon of a second isomeric form, and i t  i s  concluded t h a t  the  non-bonded 

forces between halogens which s t a b i l i z e  the c i s  isomer of the  oxalyl hal ides 

a re  not present  between the methyls of b jace ty l .  The mutual exclusion 

between inf rared  and Rar81an spect ra  of c rys ta l  l ine biacetyl  necessi tates a 

centrosymmetric s t ruc tu re  and the  space group i s  probably C Z h  o r  The 

spl  i t t i  ng of the Raman-acti ve 1 i b r a t i  onal modes and the  appearance of trans- 

l a t i c n a l  bands in the  f a r  inf rared  spectrum indica te  t h a t  there  a re  a t  l eas t  

two and possibly four molecules per un i t  c e l l .  The b a r r i e r  t o  metl ly l  ro ta t ion  

has been ca lcula ted  t o  be 2.65 kcal/mole, considerably higher than t h o 6 ~  foundu 

f o r  o ther  acetyl  compounds. 
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antisymmetric C-D 

anti symmetric C-D 

antisymmetric C- 

1024 + 1062 = 2086 

1038 + 1035 = 2073 - 
2 x 1035 = 2070 

969 + 1062 = 203 

969 + 10351 = 2005 

1301 + 488 = 1 

1143 + 500 = 1643 

969 + 619 = 1588 

488 + 1062 = 1550 



Table I 1  (continued) 

~nfrared (cm-I ) Raman , 

Gas Sol id Liquid Sol id 

790 + 619 = 1489 

324 + 1009 = 1333 

antisymmetric CDg 

237 + 1038 = 1275 

237 + 1030 = 1267 

237 + 1018 = 1255 

158 + 1062 = 1220 

symmetric CD3 d 

340 + 790 = 1130 

488 + 619 = 1107, 

symmetric CD3 d 

antisymmetric C 

antisymmetric C 

an ti symme tri c CDj d e f o  

symmctri c CDg 

symme tri c CD3 

488 + 515 = 1 C  

488 + 500 = 988 

antisymmetric C-CD3 stretch (bu/ 



Table  I I ( c o n t i n u e d )  

782 sh  790 an t i  symme tri c  CDg roc 

772 m 770 

607 vs 619 vs symmetric C-CD3 s t  

a n t i  symme tri c  COCD 

94 w l i b r a t i o n a l  mode 

t r a n s 1  a t i  onal mo 

80 s h  l i b r a t i o n a l  mode 

72 s  l i b r a t i o n a l  mode 

60 s h  l i b r a t i o n a l  mode 
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Appendix I1 

LOW-FREQUENCY MODES OF MOLECULAR CRYSTALS. 
OXAMIDE AND DITHIOOXAMIDE. 

Abstract --- The infrared spectra of oxamide and dithiooxamide have been 

reexarcined and the low frequency l imit  extended to  33 c i ' .  The Raman spectrum 

of  oxamide has l i  kewise been studied i n  the low-frequency range. Assi gnments 

have been made for  two infrared bands and three of the four Raman bands 

previously unobserved. The Raman spectrum of dithiooxamide, a red so'lid, 

has been reported fo r  the f i r s t  time, and assignments have been made for  the 

fundamental vibrations of th is  molecule. In addition, the external modes o f  

both molecules have been studied. The three predicted intermolecular f unda- 

mentals were observed in the Raman spectrum of oxamide. The three trans1 a t ional  

and f ive of the s i x  l ibrational modes were observed i n  the f a r  infrared and 

Raman spectra,  respectively, of dithiooxamide. Ranges for the intermolecular 

force constants have been calculated. 
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0 

Samples were examined in  the mid-infrared region as  CsI pe l l e t s  and as t h i n  

films sublimed onto a s i l i con  pla te .  The far-infrared sample of dithiooxami 

was obtained by repeated sublimation onto a thin sheet  of polyethylene, whi l 

oxamide was examined as a mineral oi 1 mu1 1. 

Raman spectra were recorded with a Cary 81 spectrophotometer equipp 

a heli  um-neon l a s e r  f o r  exci t a t i  on. The ins trument was cal ibra ted wi t h  

l ines  from a neon lamp over the spect ra l  range 0-4000 cm". Samples were 

examined as powders and as a t t , ick paste made by mulling the powder w i t h  

mineral o i l .  Some samples were a lso  cooled in a variable-temperahire cel l  

whi ch has been described previously. 7 

RESULTS 

Comparison of r e su l t s  of t h  is  study with those of previous wor 

given in Table 1. O u r  infrared data i s  e s s en t i a l l y  in  agreement w i t h  . 

Scot t  and wagner3, with the addition of low-frequency data. The Raman 

of oxamide and di thiooxamide are  presented in Figures 1 and 2 ,  and the  far- 

infrared spect ra  of t h e  compounds a re  given in Figures 3 and 4. The Raman 

spectrum of dithiooxamide has not been previously published, and the bands 

observed a re  tabulated in Table 2. I t s  orange color prevented observ;stion of 

the spectrum by Hg a rc  exc i t a t ion ,  b u t  the ve r s a t i l e  l a s e r s  now provide a 

with the one s t rong band a t  932 cm-I dominat;ng the spectrum of wea 

even a t  high s ens i t i v i t y .  This i s  s o  much the case t ha t  the weak N- 

the sample in a variable-temperature c e l l .  The t o t a l l y  deuterated analogs 

were prepared t o  aid in assignment of the Raman bands. Tables 2 and 3 summar4 

the available infrared and Raman data f o r  the two isotopic  molecules o f  oxamid 
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. 
and d i  t h i  ooxami de, r e s p e c t i v e l y .  The l a t t i c e  bands a r e  prominent  i n  t h e  Rama 

s p e c t r a  o f  b o t h  compounds, even a t  room te~pe : -a tu re .  

The one area o f  d isagreement between ou r  work and t h a t  o f  Kahovec and 

wagner4 i s  i n  t h e  k m a n  spectrum o f  oxamide. They r e p o r t  a  weak band a t  

809 cm-' whereas i n  the  same reg ion ,  we f i n d  two bands, 806 cm-I hav ing  mediu 

i n t e n s i t y  and 831 cm-l , weak. Poss ib l y ,  t h i s  s p l i t t i n g  i s  beyond t h e  l i m i t  a 

the  r e s o l u t i o n  o f  t l l e i r  i ns t rument .  

DISCUSSION 

The e s t a b l i s h e d  mo lecu la r  symmetry o f  oxamide and d i  t h i  ooxamide i s  C2& 

The molecules h;ve cen te rs  o f  symmetry, which leads t o  mutual  exc lus i ion 

between t he  i n f r a r e d  and Raman spec t ra .  Thus, t h e r e  a r e  24 fundamental 

v i b r a t i o n s ,  12 o f  which a r e  i n f r a r e d  a c t i v e  and 12 o f  wh;ch a r e  Ramn 

Table 4  g ives  t h e  group theory  f o r  molecules hav ing  these p o i n t ,  s i t  

f a c t o r  group symmetries. 

Ass i gnmen t o f  Oxami de Fundamen t a  1  s  

P a r t i  a1 a s s i  gnments were made f o r  t t le  fundamental v i b r a t i o n s  o f  oxami de 

by  S c o t t  and wagner3, b u t  t i l e  low-frequency 1 i m i  t a t i  on o f  t h e i r  i n s  t r u i ~ e n t a t i  

l e f t  two i n f r a r e d  fundamentals unassigned a l ong  w i t h  f o u r  Raman-acti ve modes 

n o t  assigned by e a r l i e r  workers.  We hiive added these t o  t h e  prsevioers ass4 g r ~  

ments t o  complete t he  i n f o r m a t i o n  (see Table 5).  The v i b r a t i o n a l  a n a l y s i s  

o f  oxamide, a l t hough  compl i ca ted  by m i x i n g  o f  modes, i s  r a t h e r  s t r a i  

f o rwa rd  based on comparison w i t h  o t h e r  amides, We a r e  i n  agreemen 

i n f r a r e d  assignments o f  S c o t t  and Wagner. The two unassigned fundamentals 

were found as a  s t r o n g  band a t  337 cm-I and a weak band a t  165 crn'19 the 

o n l y  l i n e  seen i n  t h e  f a r - i n f r a r e d  spectrum. The 337 cm-' band i s  ass igned as 

t h e  OCN rock  and t h e  165 cm-I band as t h e  OCN t o r s i o n .  
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Minor changes and additions have been made in the assignment of t he  
# 

spectrum of oxanide. Two bands were observed in oxamide between 800 and 

4 (831 w ,  806 m )  where Kahovec and Wagner had seen only one weak peak (809 wj, 

We have assigned the band having medium intensi ty9 806 cm-', to  u l 4 '  the NH, 
L 

and the weak 831 cm-' band t o  v7 ,  the C-C stretching vibration. We are i n  

agreement with the otller assignments given by Scott and Wagner based on the 

spectra of Kahovec and Wagner; isotopic s h i f t  factors lend support t o  t h  

assignments. They made no  assignments below 800 cm" , and we have added this 

information. Bands were observed a t  627 ( w ,  b r ) ,  536 (m), and 454 ( s ) ,  There 

shotrld be one more fundamental, b u t  it' was n o t  observed. The assi<;nment s f  

these bands i s  as follows: 627  to v15 ,  the NH2 torsion; 536 to v8, the OCH 

bend; ar'd 454 t o  v169 the OCN out-of-pla 

A band was seen in the deuterated compou 

assigned as the OCN rock of the heavy co 

Assignment of Dithiooxamide Fundamentals 

The assignments for  the Raman spectru 

t o  make. Although the red He-Ne laser 1 

spectrum, the compound evidently absorbs some of the red l igh t ,  making t h e  

spectrum general ly weak. The color of the deutera ted compound changes s l  i  ghe 

toward brown, and no spectrum of th is  compound could be obtained. 

Our assignments agree with those made by Scott and 

bands, b u t  there seems to be some disagreement in the 1 i terature  concerning the  
8 assignment of C=S and C-N stretching modes. Bellarqy gi 

for the C=S s t retch in the infrared, and extending up  t o  

Assignments for th is  vibration in the infrared spectra o 
9 have varied from 843 c d  in thioformamide to  -1000 cm-' in a ser ies  o f  

secondary thioamidesl0 t o  1413 cm" in thiourea." Jones -- e t  a1.12 conclude 

from studying infrared spcctra of analogous oxygen and sulfur-containing 

I 





as follows: 392-405 cm-' doublet t o  v12 ,  the SCN' out-of-plane bend; 112 ernmi 

to  v1 3 9  the SCN torsion; 470 cs-' to vZ3 ,  the SCN bend; and 301 cm-' t o  v~~~ 

the SCN rock. The assignment- of the Raman-acti ve fundamentals i s  ratlqer anal 

complicated by the non-observance of several l ines.  This i s  believe t o  be cau 

by the weakness of the spectrum. The two N-H stretching modes were not foun 

in the expected region, as we1 1 as the N H 2  scissors.  The highest frequency 

1 i  ne occurs a t  1439 cm-l. This i  s  consi dered t o  be t o o  low to be the NH2 

scissors ,  by comparison with simi l a r  compounds 13315,16 and the position of 

infrared-active NH2 scissors of the same compound. The NH2 sc issors ,  thus, 

should occur near 1570-1600 cm-I b u t  was not observed; the band a t  1439 c 

has been assigned to v4 ,  the C-N stretching vibration. The Raman assignmen 

492 cm-' t o  v15'  N H 2  torsion; and 339 cm" to v , ~ ,  SCN out-of-plane bend. 

on the N H 2  wag. This i s  rather lower than the expected range for  t h i s  

- 
observed, since i t  was not. particularly strong in oxamide. 

Lattice Vibrations 

I n  addition t o  the fundamental vibrations, there are external modes Lo b 

considered, 6 for  oxamide and 1 2  for dithiooxamide. From a consideration o f  

Table 4, i t  can be shown that the optical libraticins ( O L ) ,  acoustical 

translations ( A T ) ,  and optical translations (OT)  are distributed in tiplie 

following manner among the vibrational species: 

Oxamide ( 1  molecule per unit c e l l )  

r ( O L )  = 3a Raman 
9 

r ( A T )  = 3au Inactive 

r ( O T )  = 0 



r (AT) = 3au I n a c t i v e  

r (OT) = 3ail I n f r a r e d  

Oxami de , thus,  

li b r a t i  clns and t h r e e  i n f r a r e d  t r a n s l a t i o n s  a re  p r e d i c t e d  f o r  d i t h i o o  

The t h r e e  l a t t i c e  bands a re  very  prominent  f ea tu res  o f  t h e  Raman spect rum of 

oxamide, o c c u r r i n g  a t  106, 134, and 157 cm-l, w i t h  cor responding b a ~ d s  a t  

100, 137, and 156 cm-I i n  t h e  d4 compound. I n  agreement w i t h  t h e  group theo 

no l a t t i c e  bands were observed i n  t h e  f a r - i n f r a r e d  spectrum. I t  was n o t  

p o s s i b l e  t o  assoc ia te  t he  1  i b r a t i o n s  w i t h  a  p a r t i c u l a r  l i b r a t i  onal  axis 

because t h e  p r e d i c t e d  s h i f t  f a c t o r s  f o r  a l l  t h r e e  moments were ve ry  small 

n e a r l y  t he  same (1.0452, 1.0548, and 1.0510 f o r  IA,  I B ,  and I C ,  respe 

It seems p o s s i b l e  t h a t  t h e  106 cm-I band shou ld  be assoc ia ted  w i t h  mo 

around t he  S a x i s ,  however, because o f  i t s  somewhat l a r g e r  s h i f t  f a c t a  

An es t ima ted  range f o r  the  f o r c e  cons tan t  o f  the  l i b r a t i o n s  was c a l c u l  

x I u s i n g  an equa t i on  o f  the  form k = , where an a r b i t r a r y  r o f  1A is us 

t o  keep t h e  u n i t s  cons i s t en t .  By a s s o c i a t i n g  t h e  h i g h e s t  l i b r a t i o n a l  freque 

w i t h  t h e  l a r g e s t  moment o f  i n e r t i a  and the l owes t  f requency w i t h  t he  smallest 

moment, t he  w i d e s t  p o s s i b l e  range f o r  k  i s  found t o  be 0.14-0.79 mdyne/A. 

This  i s  cons ide rab l y  l a r g e r  than severa l  o t h e r  r e p o r t e d  l i b r a t i o n a l  f o r c e  

cons t an  t s '  and 

compound. 

The t h r e e  i n f r a r e d  tr 

and 99 cm-l, a l ong  w i t h  a  combinat ion band a t  211 crn-I, taken t o  be t he  

combinat ion o f  t h e  112 cm-' t o r s i o n  and a  Raman-active l a t t i c e  mode a t  98 cn 

The s i x  Raman-acti ve li b r a t i  ons appa ren t l y  occur  as t h r e e  doub le ts  ; f i  ve ban 

have been observed, w i t h  t h ree  be ing  s t r o n g  bands and two o f  these hav ing  
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less pronounced shoulders. Presumably the remaining mode i s  contained i 

unsplit band of highest frequency. The observed bands are 67, 74, 93, 98 

112 cm-' a t  room temperature, These were found to s h i f t  to  72 ,  77, 100, 106 

and 116 cm-' when the sample was cooled with liquid nitrogen. The weak ba 

seen in the spectrum a t  57 cm-I arises from an instrumental "ghost"; i t  d i d  

change position with temperature. 

Librati onal force constants calculated for t h  

0.089-0.75 nidynelA. These values were calculated by using the moments of 

iner t ia  of the molecule, rather than .of the unit ce l l .  The fac t  tha t  the 

observed frequencies for di thi ooxami de are shifted from those of oxamide by 

about 1.4 suggests that  the forces are abot:t the same in the two crystals  an 

the difference in the number of molecules per unit ce l l  hits l i t t l e  e f f e c t ,  

Factor g roup  sp l i t t i ng  i s  possible in di thiooxamide, since there 

moleci~les per unit ce l l .  The only indication of such sp l i t t i ng  was 

the SCN out-of-plane bend, which exhibited a sp l i t t i ng  of 13 cm"' i 

2 and 17 cm-' in (CSND2)2. Wheatley reported a s ignif icant  difference 

the C-S and C-N bond lengths of the two molecules in the unit  cell  o f  d i t h i  

oxamide, the C-S bond being 0.032 A and the C-N 0. 

than in molecule 1. Such a difference, i f  real ,  s 

sp l i t t i ng .  Since such i s  n o t  the case, i t  appears that there i s  no real 

difference in bond lengths between the two molecules. 

I 



Re-exam in~ t i on  of t h e  i n f r a r e d  and Raman spec t ra  o f  oxamide 

assignment o f  a l l  t h e  fundamental v i b r a t i o n s  o f  t h i s  m o l ~ c u l e ,  w i t h  t h e  ex  

of t h e  Raman-active OCN rock. S i m i l a r l y ,  the  i n f r a r e d  assignments h a \ ~ e  bee 

completed f o r  d i th iooxamide ,  and n i n e  o u t  o f  twe lve  fundamentals a s s i  

t h e  p r e v i o r ~ s l y  unobserved Raman spectrum. The weakness o f  t he  Raman 

d i th iooxamide  has prevented us f r o  

t4H2 s c i s s o r s  because the  phototube i s  l e s s  s e n s i t i v e  i n  t h e  h igh- f requency  

The l a t t i c e  reg ions  o f  t he  spec t ra  have been examined and t h e  ex1;ernal 

modes were observed as p r e d i c t e d  f 

e x h i b i t s  t h r e e  Raman-active l i b r a t i o n s ,  which occur  a t  106, 134, and 1157 cm- 

F o r  d i  t h i  ooxami de, t h ree  i n f r a r e d - a c t i  ve t r ans1  a t i  ons and s i x  Raman l i  b r a t i  

a re  expected. The i n f r a r e d  bands were observed a t  79, 92,.and 99 cm-I. Th 

Raman l i n e s  occur  as t h r e e  doub le ts ;  t h r e e  s t r o n g  1  i nes  were seen a t  74, 

and 112 cm-l, and the  f i r s t  two ha 

The s i x t h  li b r a t i o n  was n o t  seen, b  

u n s p l i t  l i n e  a t  112 cm-I. 

F a c t o r  group s p l i t t i n g  o f  t he  i n t e r n a l  fundamen-tals-is a  poss i  b 

d i  th iooxamide, b u t  the  o n l y  i n d i c a t i o n  o f  i t was seen i n  t h e  s p l i t t i n g  o f  

SCN ou t -o f -p lane  bend. The f o r c e s  

appear t o  be s i m i l a r ,  as evidenced 

t o  t h e  o t h e r  o f  approx imate ly  1.4 a  

cons tan ts  . 
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